Abstract-We use optical, thermal, and electrical simulation to evaluate the effects of using varying amounts of undercut etch on wavelength-scale and subwavelength metal-clad semiconductor nanolasers (MCSELs). We find that as MCSEL diameter decreases, the optical performance becomes more sensitive to slight amounts of sidewall tilt. A modest amount of undercut (25%) dramatically improves the optical performance, reducing modal threshold gain to 100 cm −1 or less for lasers with core radius of 225, 550, or 775 nm, even in the presence of significant sidewall tilt (20°gain sidewall or ±8°pedestal sidewall tilt). Finally, we examine the effects of the increased undercut on nanolaser thermal performance and find that the increased resistive heating is insignificant near threshold, even for subwavelength nanolasers.
not only makes the most efficient use of the pump, but also minimizes the effects of self-heating, which includes terms with square and cubic dependencies on pump current. At higher pump currents, the phenomenon of self-heating can raise the temperature in the gain region, here referred to as the laser's operating temperature, well above that of the ambient temperature. At higher temperatures, the cavity metal becomes more lossy [7] , a particularly detrimental effect for nanolasers with high modal overlap with metal [8] . Additional self-heating will reduce the available material gain, and at extreme temperatures may destroy the laser. Even if heat can be effectively dissipated, the gain spectrum broadens and blueshifts at higher currents, which can shift the gain maximum away from the designed cavity mode [7] . To increase laser output power and efficiency while avoiding the detrimental effects of self-heating, it is critical to reduce threshold gain.
Many strategies have been employed to reduce threshold gain in nanolasers. The threshold gain g th of a lasing mode is defined as g th = nω 0 c Q where ω 0 is the modal frequency, n is the refractive index of the gain medium, c is the speed of light in vacuum. is the mode-gain overlap, related to how well the cavity confines the mode to the gain region, while Q is the mode's quality factor, related to the amount of scattering and material absorption loss the mode experiences. Efforts to reduce threshold gain in MCSELs need to target , Q, or both. For example, adding a thick dielectric shield between the gain and the metal cladding reduced the amount of modal overlap with the metal, increasing Q enough to allow room temperature operation [4] , [8] . For electrically pumped MCSELs, an added challenge is the necessity of providing a pathway for electrical injection of carriers into the gain region; this necessitates the use of doped semiconductor pedestal layers above and below the gain region, impacting gain confinement due to the low refractive index contrast between pedestal and gain. A strategy used to reduce threshold gain in electrically pumped nanolasers is to undercut the pedestal layers, decreasing mode penetration into the surrounding semiconductor layers [5] . An example electrically pumped MCSEL with dielectric shield and undercut pedestals is shown in Fig. 1 . Any nanolaser design needs to not only have low g th , but should also be robust with respect to fabrication variation. 0018 -9197 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. In the optical simulations, the area surrounding the silver cladding layer is also silver, since the skin depth of the emission wavelength is only a few nanometers. In the thermal simulations, the area surrounding the cladding is air. The laser is allowed to dissipate heat through the bottom of the 350 μm thick InP substrate, through radiation to air, and through a thermally conductive contact wire attached to the cladding 20 μm away.
One of the major issues encountered during MCSEL fabrication is non-vertical gain and pedestal sidewalls. Even a slight sidewall tilt of a degree or less can be enough to profoundly affect the g th of a fabricated nanolaser [9] , [10] . Gu and coworkers analyzed the performance of a fabricated electrically-pumped device and found that the non-zero sidewall tilt achieved during fabrication raised g th to the degree to which lasing was unlikely even at cryogenic temperatures [11] . One method of dealing with the detrimental effects of sidewall tilt is careful calibration of the etching process to compensate for regular fluctuation in etching chamber conditions; to consistently achieve sidewalls with less than a degree of tilt several calibration test samples must be etched and imaged before each nanolaser sample is etched [10] .
In this paper, we show that undercut etching, already useful for reducing MCSEL g th , also makes the nanolaser resistant to the effects of sidewall tilt. In Section II-A we first expand on the work of Ding and coworkers [10] by examining the effects of sidewall tilt on nanolasers without undercut, having core radii of 225nm, 550nm, and 775nm. We find that the effects of sidewall tilt become more dramatic as core radius decreases. In Section II-B we show that a moderate undercut (25%) eliminates the detrimental effects of sidewall tilt, producing threshold gains that would allow room-temperature operation even for nanolasers with gain sidewall tilts of 20°. We find that a 25% undercut will produce similarly good results regardless of nanolaser diameter, gain sidewall angle, or pedestal sidewall angle. In Section III we then analyze the effects of these undercuts on the heat generated by the nanolaser, and find that the additional undercut has no significant effect on the nanolaser self-heating, or on final operating temperature for a laser operating within an order of magnitude of threshold. We conclude that undercutting is a robust strategy for reducing threshold gain and sensitivity to sidewall angle, while carrying no significant heat penalty. 
II. OPTICAL SIMULATION

A. Effect of Sidewall Tilt on Threshold Gain for Lasers Without Undercut
The typical pedestal MCSEL fabrication process begins with the use of electron beam lithography to create a mask that defines the pillar's footprint, followed by reactive ion etching (RIE) to create the pillar. Depending on small fluctuations in etching chamber conditions, an etching recipe calibrated to create vertical sidewalls may often produce angled sidewalls. Ding and Ning examined the effects of angled sidewalls on the TE 01 mode of a nanolaser with 230nm radius and found that even a slight 1-2°sidewall tilt causes a factor of 5 decrease in cavity Q [10] .
We use 3D finite element simulation (COMSOL) to simulate the effects of different amounts of sidewall tilt on nanolasers of different core radius. Each nanolaser is created from the InP/InGaAs/InP double heterostructure used in [1] , [5] , and [11] , whose gain medium is a 300nm thick layer of intrinsic bulk In 0.53 Ga 0.47 As. The lasers each have 170nm thick shields of α-Al 2 O 3 (amorphous aluminum oxide), surrounded by silver cladding. We model the materials using their optical parameters at a temperature of 300K and a wavelegth of 1550nm; the permittivity used for silver is −130.6-3.33j, as calculated using a temperature-dependent Drude model and data from Johnson and Christy [12] by Smalley et al [7] . Each laser is fully etched to the bottom contact layer, giving the laser a height of 1745nm measured from the top of the top contact to the bottom of the pillar. We vary the angle of each laser's sidewalls while keeping the average gain radius constant; results are shown in Fig. 2 .
From the simulation results, we find that nanolasers of 225nm, 550nm, and 775nm core radius are all sensitive to the effects of sidewall tilt, with the lasers suffering from increased radiative loss through the laser pedestal and decreased mode confinement as tilt increases. The effects of sidewall tilt become more extreme as gain radius decreases. In agreement with Ding and Ning [10] , we find that a subwavelength nanolaser designed for the TE 01 mode is extremely sensitive to sidewall angle. For the laser with core radius of 225nm (Fig. 2b) , a sidewall tilt of just 0.5°yields a threshold gain exceeding 1000 cm −1 , making room-temperature operation unlikely for our gain material at this wavelength, and inefficient for other gain materials. For larger nanolasers, the effects of sidewall tilt are still severe, with threshold exceeding 1000 cm −1 at 2°tilt for the 550nm core laser (Fig. 2 c) , and at 3°tilt for the 775nm core laser (Fig. 2 d) .
Some method of dealing with sidewall tilt is clearly needed if nanolasers are to be reliably produced for room-temperature operation. One strategy that has been successfully employed is to recalibrate the etching recipe each time a nanolaser sample is to be etched [10] . An alternative strategy that would avoid the time and expense of frequent recalibration is to develop a nanolaser design that is insensitive to the effects of sidewall tilt.
B. Effect of Undercut Etching on Threshold Gain for Lasers With Sidewall Tilt
Here, we investigate the strategy of undercut etching for consistently producing MCSELs with low threshold gain, even in the presence of significant sidewall tilt. In this paper, "undercut" refers to the lower undercut, defined as the difference between the average radius r core of the gain core and the average radius of the lower pedestal, as a percentage of r core (see diagram in Fig. 1 ).
Undercut etching was used by Lee and colleagues to increase the vertical confinement in pedestal nanolasers by reducing the diameter of the pedestals relative to the gain region [5] . Another investigation looked at the effect of undercut etching on the optical properties and operating temperature of an optically pumped laser, where the self-heating is assumed to be independent of the amount of undercut etch [13] . Both of these investigations only considered vertical gain and pedestal sidewalls, and a single laser diameter. In our case, we consider three laser diameters and a variety of gain and pedestal sidewall angles, based on those achieved during our nanolaser fabrication.
An example nanolaser with undercut etching and sidewall tilt is drawn in Fig. 1 . Since the wet etching chemistry selectively etches the pedestal semiconductor layers and leaves the gain region intact, the amount of undercut can be controlled by adjusting the length of the wet etch step, usually on the order of a couple of seconds. The use of a two-step undercut etching process, with each step producing positively or negatively sloped pedestal sidewalls, allows the angle of the pedestal sidewall to be controlled [11] .
The resulting etched nanolasers can have pedestal sidewall angles θ p that are positive, negative, or zero, independent of the gain sidewall angle θ g . Because the gain sidewalls angles are determined by the RIE step, these sidewalls always have θ g ≥ 0. For this semiconductor material stack [1] , [5] , [11] , because of the difference in doping type between the n-doped upper pedestal and the p-doped lower pedestal, the selective etching acts more quickly on the upper pedestal than on the Fig. 3 . SEM images of three example nanolasers fabricated using the two-step undercut etching process [11] . (a) has a core radius of 803 nm, θ p = −16°, θ g = +1.5°, an undercut ratio of 0.93, and an undercut of 12%. (b) has a core radius of 417 nm, θ p = +7°, θ g = +11°, an undercut ratio of 0.53, and an undercut of 15%. (c) has a core radius of 201 nm, θ p = −6°(for the lower pedestal), θ g = +6°, an undercut ratio of 0.61, and an undercut of 43%. The nanolaser in (c) has a slightly different layer composition than the others in this paper.
lower pedestal. The result is a laser with a ratio of upper to lower undercut of <1. Our simulations use an experimentallymeasured upper to lower undercut ratio of 0.81; this ratio can vary in practice.
Three example lasers fabricated using the two-step etching process are shown in Fig. 3 . The laser in Fig. 3 (a) has a core radius of 803 nm, θ p = −16°, θ g = +1.5°, an undercut ratio of 0.93, and an undercut of 12%, while the laser in Fig. 3 (b) has a core radius of 417 nm, θ p = +7°, θ g = +11°, an undercut ratio of 0.53, and an undercut of 15%. The laser in Fig. 3 (c) has a core radius of 201 nm, θ p = −6°(for the lower pedestal), θ g = +6°, an undercut ratio of 0.61, and an undercut of 43%. These examples illustrate the variation in sidewall angle, as well as the range of undercuts that can be achieved.
To determine the effect of gain sidewall angle, pedestal sidewall angle, and undercut amount, we modeled a variety of nanolasers using COMSOL. The materials and shield thickness are the same as in Section II-A. For each nanolaser, we searched for modes in the wavelength range near the maximum of the available room-temperature gain. For the r core = 550 nm and r core = 775 nm lasers, we search in the free-space wavelength range λ 0 = 1500 to 1700 nm, which matches the available room-temperature material gain at a moderate carrier density of N = 3 × 10 18 cm −3 for our gain material. For the r core = 225 nm laser, we expand this wavelength range to 1400-1820 nm so that as increasing amounts of undercut change the wavelength of the TE 01 mode, we can still track its behavior. We tested undercut amounts from 0%-30% for nanolasers of each diameter, and independently varied the gain sidewall angle from θ g = 0°to +20°, and the pedestal sidewall angle from θ p = −8°to +8°. Each laser simulated had a dielectric shield of α-Al 2 O 3 of thickness t shield = 170nm, near the optimum shield thickness for minimum g th . The threshold gain of the lowest-threshold mode for each nanolaser is shown in Fig. 4 . In Fig. 5 we plot other characteristics (λ 0 , Q, , and substrate confinement) of the lowest-threshold mode for the r core = 225nm laser at gain sidewall angles of θ g = 0°and +20°; these characteristics display similar behavior for the individual modes of other nanolaser sizes and sidewall angles.
From Fig. 4 it is evident that threshold gain decreases with increasing undercut for nanolasers of all three diameters. Threshold gain of the lowest-threshold mode for nanolasers of r core = 225nm (a-b), 550nm (c-d), and 775nm (e-f). In the left column, the gain sidewall angle θ g is set to 0°(black solid line) or +20°(red dashed line), while the pedestal sidewall θ p is kept vertical at 0°. In the right column, the gain sidewall angle θ g is kept vertical at 0°while the pedestal sidewall θ p is varied from −8°to +8°. Threshold gain is very sensitive to sidewall angles for lasers with little to no undercut, but by about 25% undercut, threshold gain is at or below 100 cm −1 for lasers of any diameter, regardless of the gain or pedestal sidewall angle.
Increasing undercut past 25% yields little to no improvement. Fig. 5 shows that by 25% undercut, Q no longer increases significantly (b), and radiation to the substrate becomes an insignificant source of loss (d); the limitation on Q becomes metal absorption, which is relatively unaffected by undercut.
For the r core = 225nm laser, the decrease in threshold gain is monotonic as undercut increases; this is because the mode wavelength window is chosen such that the TE 01 mode is always within range, even as the increasing undercut shifts the mode wavelength (Fig. 5 (a) ). For the larger-radius lasers, the threshold gain of each individual mode still decreases monotically. However, the decrease in mode wavelength caused by undercutting is more dramatic for these larger lasers, so that modes that are within the 1500nm-1700nm wavelength window at 0% undercut quickly are shifted out of the window as undercut increases. For these larger lasers, multiple modes are in the gain window simultaneously, so once the lowest-threshold mode exits the gain window, the new lowestthreshold mode may have a higher or lower threshold than the previous lowest-threshold mode. By the time undercut increases to around 15%, the mode is highly confined to the gain region, and therefore becomes less sensitive to the pedestal radius. Both the mode wavelength and the threshold gain change less as undercut increases further. Fig. 4 (a) shows that for the r core = 225nm laser, when the gain sidewall alone is tilted and the pedestal sidewalls are vertical, at slight undercut amounts a severely tilted gain sidewall actually produces lower threshold than a laser with the same undercut and straight sidewalls. This is because the bottom of a gain region with angled sidewalls overhangs the lower pedestal more than that of a straight-sided gain region, reducing leakage into the substrate for modes such as TE 01 and whispering gallery modes, which are concentrated around the laser perimeter. Fig. 5 (c) shows the slightly higher gain confinement of the angled design, while Fig. 5 (d) shows the significantly reduced radiation into the substrate of the angled design. As the amount of undercut increases, this extra overhang becomes less significant, and the performance of the angled and non-angled sidewalls becomes comparable. For the r core = 550nm and 775nm lasers, the lowest-threshold modes at 0 undercut have a higher radial mode order than the TE 01 and whispering gallery modes, and these modes are penalized by a gain sidewall angle, as seen in Fig. 4 (c) and (d) .
Due to the crystal structure of the pedestal layers, the wet etching steps that produce undercut etching are anisotropic, sometimes resulting in pedestals with square or partly square cross sections. This effect can be seen, for example, in the fabricated nanolaser in Fig. 3 (a) . At 25% undercut, however, the effect of this square pedestal on threshold gain is minimal; an r core = 225nm laser with an ideal round pedestal and straight sidewalls has a threshold gain of g th = 86 cm −1 , while a laser with square pedestals of the same cross-sectional area has g th = 101 cm −1 . Other modes are affected more by pedestal cross-section; for the r core = 775nm laser, square pedestals cause the lowest-threshold mode of the 25% undercut round-pedestal laser to be replaced by another with less sensitivity to square pedestal shape. The resulting change in laser threshold gain, an increase from 28 cm −1 to 197 cm −1 , is larger than that experienced by the r core = 225nm laser, but still allows for room-temperature operation.
The simulation results in Fig. 4 show the potential of undercut etching as a strategy for producing low-threshold nanolasers that are resistant to the effects of sidewall tilt. An undercut of 25% (measured by comparing the average diameter of the gain region and the lower pedestal region) produces a threshold gain at or below 100 cm −1 at room temperature, low enough for room-temperature lasing. At this amount of undercut, the nanolaser performance is affected little by gain sidewall angles of 20°and plug sidewall angles of ±8°, or by error in the amount of undercut.
However, the decrease in pedestal diameter is expected to increase the Ohmic resistance of these nanolasers, potentially leading to increased laser self-heating. In Section III, we perform electrical and thermal simulations of the undercut nanolasers to determine whether a 25% undercut will have detrimental effects on a nanolaser's operating temperature.
III. ELECTRICAL AND THERMAL SIMULATION
Due to their extremely small radius, Joule heating in nanolasers can be a significant contributor to nanolaser selfheating and can ultimately limit nanolaser performance, particularly for lasers with high threshold currents. The strategy of undercut etching in MCSELs has benefits in terms of optical performance and insensitivity to sidewall tilt (Section II-B), but the reduction in pedestal diameter results in increased Ohmic resistance. Here, we simulate the effects of undercut etching on nanolaser resistance, total heat production, and the resulting nanolaser operating temperature at and above threshold.
A. Ohmic Resistance
We calculate the Ohmic resistance of each nanolaser layer separately based on its radius, thickness, and conductivity using the standard formula for stack resistance [14] . Details of this calculation, as well as the layer doping levels and mobilities used to calculate conductivity, are given in [15] . In the total nanolaser resistance, we also include the resistance of the bottom contact layer, which behaves like a cylindrical thin film contact [16] . Although in these simulations there is no unetched InP layer above the bottom contact, in the case where the laser is not completely etched to the bottom contact, we would use the geometry in the work by Zhang and colleagues [17] . We do not consider the wire contact resistance in these simulations; they are independent of undercut etching and the resistive heat generated is easily removed via conduction through the wires. We use straight gain and pedestal sidewalls in this calculation; extreme amounts of sidewall tilt will reduce the pedestal diameter at the top or bottom of the pedestal (depending on the direction of the tilt) and will increase the Ohmic resistance at that point, while decreasing it elsewhere. We also assume, as in the optical simulations, that the laser has an undercut ratio of 0.81; an extreme undercut ratio will increase the amount of Joule heating contributed by the upper pedestal. The resulting total Ohmic resistance, calculated for lasers of r core = 225nm, 550nm, and 775nm at increasing amounts of undercut etching, is shown in Fig. 6 .
As expected from the fact that Ohmic resistance is proportional to 1/r core 2 , the total resistance of the r core = 225nm laser is significantly higher than that of the larger-diameter lasers, and is more sensitive to the effects of undercut. Between 0% and 30% undercut, the resistance of the r core = 225nm laser approximately doubles. Due to the different doping and mobilities of the different semiconductor layers, the layer that contributes the most resistive heating is the highlydoped region of the bottom pedestal, followed by the bottom contact layer. Because the bottom contact serves as a high thermal conductivity connection to the heat-conducting contact wire, the Joule heating contributed by these sources can be dissipated more effectively than heat sources located nearer to the gain region.
B. Self-Heating
To calculate the final operating temperature of the nanolasers, we need to calculate not only Joule heating, but also Auger, surface recombination, junction, and heterojunction heating. Following the methods in [15] , we calculate the amount of each self-heating source as a function of pump current for nanolasers of r core = 225nm, 550nm, and 775nm. As in Section III-A, we assume an undercut ratio of 0.81; in practice, this undercut ratio will vary.
With the exception of Joule heating, for every heating source calculation we simulate the laser's electrical behavior in SILVACO's ATLAS, a 2D electronic device simulator that self-consistently solves the Poisson equation, the Schrödinger equation, and the carrier transport equation, yielding the voltage drop at each point in the laser, the carrier density, and the quasi-Fermi level separation.
Auger heating is calculated as
where Q F L is the quasi-Fermi level from SILVACO simulation and U A is the Auger recombination rate. This Auger recombination rate U A is given by U A = An 3 V active where A is the Auger recombination coefficient, n is the carrier density from SILVACO simulation, and V active is the volume of the gain region. For A, we use 9.8 × 10 −29 cm 6 /s, the value given for InGaAs at 300K by [18] .
We calculate surface recombination heating using P s = U s · V active · Q F L, where U s is the rate of surface recombination in the gain region, V active is the volume of the active region, and Q F L is the quasi-Fermi level from SILVACO simulation. U s is given by U s = n τ s , where n is the carrier density from SILVACO simulation, and τ s is the carrier lifetime, given by
Here, A active is the surface area of the active region, and υ s is the surface recombination velocity of InGaAs at 300K, calculated to be υ s = 1.3 × 10 4 cm/s in [15] from values reported by Hill and colleagues [1] .
The amount of self-heating at each junction is given by P j n = I V j n , where I is the pump current and V j n is the voltage change at the nth junction. For operation above threshold, the heat produced at the heterojunctions (the two junctions adjacent to the gain region) is limited to the amount produced at threshold. In our calculation of device selfheating we make no assumptions about threshold current, since other experimental factors may increase threshold beyond that predicted by electrical and optical simulation. Therefore, we do not limit the heterojunction heating, which gives us a worst-case thermal performance. As the results will show, above the threshold currents for the undercut laser designs, heterojunction heating is a relatively minor contributor to total laser heating, so the heating is only slightly overestimated. Fig. 7 shows the calculated self-heating generated in nanolasers of different core radii and undercuts, as a function of pump power. To compare self-heating behavior near and above lasing threshold, we first calculate the threshold currents enabled by each nanolaser design. For our threshold current calculations, we use the modal gain threshold from II-B, compared with calculations of the material gain available at 300K [7] for the SILVACO-simulated carrier densities generated by each pump current. We compare modal threshold with the maximum material gain available at any wavelength, since each laser can be scaled in radius to match modal wavelength to gain maximum with minimal impact on modal threshold gain. This yields a threshold current of 0.6-8μA for the nanolasers with 25% and higher undercut, with the smallerradius nanolasers having lower threshold currents thanks to the concentration of current in a smaller radius. Fig. 7 a, c, e) shows the range of pump currents near threshold (0-15μA), while b, d, f) shows a range of pump currents up to 500μA, far above threshold. For each type of nanolaser self-heating, we calculate heating for lasers with 0%, 25%, and 60% undercut (solid, dashed, and dotted lines).
As expected from the different dependencies of each selfheating source on pump current, the dominant self-heating sources in the near-threshold and high-current regimes will vary.
Near threshold (Fig. 7 a, c, e) , surface recombination heating dominates, with Auger and junction/heterojunction heating gradually becoming more important as current increases. In this regime, the amount of heat generated has little dependence on the amount of undercut.
At current levels far above threshold (Fig. 7 b, d , f), due to the square dependence of resistive power dissipated on current, Joule heating can become more important. For the r core = 225nm lasers, Joule heating is significant in this regime for any amount of undercut, and a 25% undercut increases the amount of Joule heating by roughly half, compared to 0% undercut. At 60% undercut, far above that required for a lowthreshold, sidewall tilt-resistant design, the generated heat is more extreme. For the larger lasers with 550nm and 775nm core radii, the increase in Joule heating with 25% undercut is slight, and the amount of Joule heat produced by even 60% undercut is less than a quarter of total nanolaser self-heating at 500μA pump current.
Because these heat sources are located in different regions of the nanolaser, their heat may be dissipated at different rates. Therefore, the operating temperature of the laser may not have a simple dependence on total heat generated, and detailed thermal simulation is required to determine the thermal performance.
C. Operating Temperature
To determine the operating laser operating temperature, we performed thermal simulations using COMSOL's thermal package. The thermal material parameters and physical configuration are as described in [15] , with the laser allowed to dissipate heat through its pedestal into the substrate, or through its shield into the metal cladding and electrical contact wires.
The choice and thickness of the dielectric shield material affects a MCSEL's ability to dissipate heat through the shield into the metal cladding, [15] . As in the optical simulation above, the shield consists of α-Al 2 O 3 of 170nm thickness. The thermal conductivity of α-Al 2 O 3 deposited via atomic layer deposition (ALD) depends on deposition conditions; the range reported in the literature is 1.7-20 W · m −1 · K −1 [19] [20] [21] . For our simulations of laser operating temperature, we use the most conservative value, 1.7 W · m −1 · K −1 . At this thermal conductivity we find that the shield is still a minor avenue of heat dissipation, although most heat is dissipated through the pedestal.
The calculated laser operating temperature at pump levels near threshold (a, c, e) and far above threshold (b, d, f) are shown in Fig. 8 . As in the calculation of heat generated, for these thermal simulations we assume straight pedestal and gain sidewalls. Highly-angled pedestal sidewalls can create restrictions in the flow of heat dissipation through the pedestal; for lasers with low-thermal-conductivity shields, the pedestal is the main method of heat dissipation, so this constriction could have an effect on the laser operating temperature. Fig. 8 compares the steady-state operating temperatures of lasers with undercut etch of 0% (solid line), 25% (dashed line), and 60% (dotted line). In the 0-15μA regime, the temperature rise is slight, even for the smallest laser with extreme 60% undercut. In this regime, operating temperature has more dependence on undercut than heat generated (Fig. 7) , since the smaller pedestal size of the higher-undercut lasers means a smaller conduit for heat dissipation.
At currents far above threshold, undercut has a significant effect on the r core = 225nm laser operating temperature, thanks to the 1/A active dependence of Ohmic resistance, and the I 2 dependence of Joule heating. Larger lasers are virtually unaffected by undercut, since Joule heating is only a minor source of self-heating for these lasers. The major source of self-heating for larger lasers, Auger recombination, actually decreases as undercut increases thanks to a change in QFL; however, this benefit is offset by the effects of increased Joule heating and decreased heat conduction through a narrower pedestal. Although more heat is generated in the high-current regime by the larger lasers compared to the r core = 225nm lasers, the large lasers have a lower operating temperature thanks to their increased ability to dissipate heat through larger pedestals.
At higher shield thermal conductivities, possible with α-Al 2 O 3 or with other high thermal-conductivity dielectrics, we expect the smallest lasers to see the greatest benefit from the ability to dissipate heat through their shields, making these lasers less sensitive to the effects of undercut.
IV. CONCLUSION
We examined undercut etching as a method for simultaneously decreasing nanolaser threshold and eliminating sensitivity to sidewall angle tilt in MCSELs. We first examined the effects of sidewall tilt on the threshold gain of lasers without undercut, and found that for a laser with core radius of 225nm, a 0.5°sidewall tilt approximately doubles threshold gain to above 1000 cm −1 , beyond the range for roomtemperature operation for many common gain materials. For larger nanolasers, the effects of sidewall tilt are still severe, with threshold exceeding 1000 cm −1 at 2°tilt for the 550nm core laser, and at 3°tilt for the 775nm core laser.
Next, we simulated the effects of undercut etching on the threshold gain of nanolasers with various diameters and gain or pedestal sidewall tilts. We found that a 25% undercut etch is enough to reduce modal threshold gain to 100 cm −1 or lower for lasers with core radius of 225nm, 550nm, or 775nm, even in the presence of significant sidewall tilt (20°gain sidewall, or ±8°pedestal sidewall tilt). At 25% undercut, the major limitation on cavity Q is metal absorption loss rather than radiation to the substrate; these lasers may benefit in particular from optimization of cavity metal quality [10] .
To determine whether undercut etching has a significant effect on the laser's operating temperature, we used electrical and thermal simulation to determine the heat generated and operating temperature for lasers with different core radii and amounts of sidewall etch. A 25% undercut, or even an extreme 60% undercut, has no significant effect on operating temperature near our calculated threshold current of 0.6-8μA. At a current of 500μA, far above threshold, a 25% undercut has little or no effect on operating temperature for a laser with core radius of 550nm or 775nm. The smallest nanolaser considered, with core radius of 225nm, shows little temperature rise at 25% undercut up to a current of 200μA.
Although the wet etching process used for undercut etching produces large variation in undercut depth and sidewall angle, our simulations show that the nanolaser optical and thermal performance is resistant to all but the most extreme undercut depths and sidewall angles. Even at 60% undercut depth, far beyond the undercut needed to produce good optical performance, thermal simulations show no significant heating near our calculated threshold current. A 25% undercut produces low threshold gain over the entire range of sidewall angles we have experimentally observed.
Improvements in the accuracy and repeatability of InP undercut etching, however, would still be of use. There are limits on the amount of gain and sidewall tilt that can be tolerated, even for undercut nanolasers. Large sidewall angles may constrict the pedestal enough that the laser becomes mechanically unstable, prone to toppling during fabrication. In addition, these constrictions may produce high localized Ohmic resistance, carrying a larger self-heating penalty than the straight-sidewall lasers we considered in our thermal simulations. Finally, if the material layers are modified to allow for long pedestals, large sidewall tilts would in theory cause the top of the pedestal to protrude beyond the edges of the gain region, especially for devices with small radii. Although this situation would not be realizable using our current material layers and fabrication procedure, we included these geometries in our simulation for the sake of completeness. Careful calibration of the etching recipe, as performed for example in [22] , would allow for better control of emission wavelength, and would allow undercut amount to be limited to the range that produces mechanical stability and optimum thermal performance at high pump currents.
Our simulations show the promise of undercut etching as a strategy for reducing threshold gain in MCSELs and compensating for the effects of sidewall tilt, with little or no thermal penalty. This strategy produces a nanolaser design with increased robustness, and with a low threshold gain that allows efficient use of pump current. In addition, these nanolasers can operate well above threshold with minimal self-heating. Our simulations used a conservative estimate for the shield thermal conductivity; a higher-conductivity dielectric shield would allow for increased heat dissipation through the shield, further increasing the potential of these nanolasers for high-power operation. Fabrication of these nanolaser designs is currently in progress.
